Abstract. The gamma-ray annihilation and decay products of very heavy dark matter particles can undergo attenuation through pair production, leading to the development of electromagnetic cascades. This has a significant impact not only on the spectral shape of the gamma-ray signal, but also on the angular distribution of the observed photons. Such phenomena are particularly important in light of the new HAWC experiment, which provides unprecedented sensitivity to multi-TeV photons and thus to very heavy dark matter particles. In this study, we focus on dark matter in the 100 TeV-100 PeV mass range, and calculate the spectral and angular distribution of gamma-rays from dwarf galaxies and from nearby galaxy clusters in this class of models.
Introduction
One of the most important outstanding questions in modern cosmology is the nature of dark matter. Evidence of dark matter's existence comes from a wide variety of observations, including the rotational speeds of galaxies, the velocities of galaxies within clusters, gravitational lensing, the cosmic microwave background, the light element abundances, and large scale structure. But despite these many observational indications of dark matter, we remain ignorant of the particle nature of this substance. To reveal the identity of dark matter, it will be crucial to measure its non-gravitational interactions. Among the many efforts in this direction are indirect detection experiments, which aim to detect and identify the annihilation or decay products of dark matter particles.
Indirect searches for dark matter currently employ a wide range of strategies, aiming to detect photons, cosmic rays, and neutrinos from a number of different astrophysical targets. Among the targets of dark matter searches using gamma-ray telescopes are dwarf spheroidal galaxies [1] [2] [3] [4] , the Galactic Center [5] [6] [7] , galaxy clusters and groups [8, 9] , and the extragalactic gamma-ray background [10, 11] . Each of these observational approaches offers relative advantages and disadvantages. For example, while the Galactic Center is expected to generate a very bright flux of dark matter annihilation products, observations of dwarf spheroidal galaxies suffer from far lower astrophysical backgrounds.
In this study, we focus our attention on the gamma-ray signals from very heavy dark matter particles (m χ ∼ 0.1-100 PeV). Dark matter in this mass range has received comparitively little attention, in part due to the long appreciated point that a thermal relic cannot be heavier than ∼100 TeV without freezing-out of equilibirum in the early universe to yield an abundance in excess of the measured cosmological dark matter density [12] . This argument, however, is predicated on two important assumptions: 1) that the universe was dominated by radiation prior to big bang nucleosynthesis, and 2) that the dark matter was initially in thermal equilibrium with the Standard Model. In scenarios in which the early universe experienced an era of matter domination [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , or a period of late-time inflation [23] [24] [25] [26] , much heavier thermal relics are possible. Alternatively, very heavy dark matter can be produced with an acceptable abundance if it was not in thermal equilibrium with the Standard Model bath in the early universe [27] [28] [29] [30] [31] . On more empirical grounds, very heavy dark matter particles have also received a greater degree of interest in recent years in response to IceCube's observation of a diffuse flux of high-energy astrophysical neutrinos .
The universe is largely transparent to gamma rays with energies up to ∼100 GeV, and photons as energetic as ∼100 TeV can propagate over Galactic distance scales without experiencing significant attenuation. For this reason, most indirect detection studies targeting dwarf galaxies, the Galactic Center, and even nearby galaxy clusters, safely neglect the interactions of gamma rays experienced during their propagation. For very heavy dark matter particles, however, the gamma-ray annihilation or decay products can non-negligibly scatter with the cosmic microwave and infrared backgrounds via pair production, leading to the formation of electromagnetic cascades. This phenomena not only alters the spectral shape of the gamma-ray signal, but also the angular profile of this emission.
Indirect searches for very heavy dark matter particles are currently of particular interest due to the recent release of the first results from the High Altitude Water Cherenkov (HAWC) gamma-ray observatory. Although the first constraints on annihilating dark matter published by the HAWC Collaboration [4] were only presented for masses up to 100 TeV (see also Refs. [7, [54] [55] [56] [57] ), this is anticipated to be extended to 1 PeV and above as analysis technique progress [7] . Another recent study [58] also presented constrains on dark matter annihilation and decay based on HAWC data, but focused on the relatively nearby region of the Inner Galaxy, and neglecting any possible impact from gamma-ray attenuation or cascades. In this study, we focus on the signatures of very heavy dark matter particles annihilating or decaying in more distant targets, including galaxy clusters and dwarf galaxies. As we will demonstrate, gamma-ray attenuation and the subsequent formation of electromagnetic cascades can each play an important role in the phenomenology of indirect searches for PeV-scale dark matter in such targets.
The HAWC Observatory
HAWC is a wide field-of-view observatory, sensitive to gamma rays with energies greater than 500 GeV, and located 4100 m above sea level at Sierra Negra, Mexico. Completed in 2015, HAWC consists of 300 water Cherenkov detectors (WCDs) situated over an area of 22,000 m 2 . Each WCD is 5 m tall and 7.3 m in diameter, filled with 200 tons of purified water and instrumented with four photomultipliers [59] . When a very high-energy gamma ray hits the atmosphere, it creates an electromagnetic cascade of lower-energy particles. HAWC is designed to observe the Cherenkov light from these particles as they pass through the HAWC WCDs.
Through relative timing between the WCDs, HAWC is able to determine the direction of an original (i.e. primary) gamma-ray within 1 • at 500 GeV, and within 0.2 • above tens of TeV. The measured Cherenkov light intensity in the WCDs is used to constrain the energy of the primary gamma-ray, with an uncertainty of roughly a factor of three. The WCD design enables HAWC to observe with a duty cycle greater than 90%, regardless of time of day or weather conditions [59] .
HAWC observes approximately 2 sr of the sky at any one time. Because HAWC is located at a latitude of 19 • , it is primarily sensitive to gamma-ray sources with declinations between −26 • and 64 • , with diminishing sensitivity for sources beyond this range. The HAWC sensitivity to the Galactic Center (δ ≈ −29 • ), for example, is approximately an order Figure 1 . The differential sensitivity of the HAWC observatory [59] as compared to three pointed Imaging Air Cherenkov Detectors (IACTs) -HESS [62] , MAGIC [63] , and VERITAS [64] -as well as the Fermi Gamma-Ray Space Telescope [65] . Note that for a typical source, the mission-integrated observation time for IACTs is 10-100 hours, compared to the years of observation for either Fermi or HAWC. For more details, see Ref. [59] .
of magnitude weaker than that for the Crab nebula (δ ≈ 16 • ) [60] . As the Earth rotates, HAWC is able to observe more than 2/3 of the sky each day, and continuously collects data from its entire field-of-view, unlike imaging atmospheric Cherenkov telescopes (IACTs) which must be pointed at specific targets of observation.
The primary background for HAWC consists of showers generated by hadronic cosmic rays. Although the flux of cosmic rays is much higher than that of gamma rays, HAWC is able to utilize the morphology of these events to distinguish and remove vast majority of this background, achieving an efficiency for rejection of 99.9% at energies above 10 TeV [59] . To determine the residual background flux for gamma-ray studies, the HAWC Collaboration uses a technique called "Direct Integration" which averages over regions of the sky within a single band of declination [61] . With its observed number of gamma rays and background hadrons, the HAWC sensitivity is shown in Fig. 1 .
The sensitivity of HAWC is anticipated to greatly improve over the next year. A sparse array of smaller WCDs is currently being built around the main HAWC array [66, 67] , leading to an improvement in sensitivity of a factor of four at energies above tens of TeV. This will also have the effect of significantly reducing the energy and flux systematics for these very high-energy gamma rays. Additionally, an improved HAWC energy reconstruction effort is underway [68] . With the new data pass (Pass 5), which will include this improved energy reconstruction, HAWC's energy resolution is expected to improve by a factor of two.
Gamma-Ray Attenuation and Electromagnetic Cascades
The spectrum and trajectory of very high-energy gamma rays propagating through radiation and magnetic fields is continuously shaped by the production and development of electromagnetic cascades [69] [70] [71] [72] [73] [74] . In this section, we describe these gamma-ray induced cascades and their impact on indirect searches for very heavy dark matter particles.
Pair Production, Inverse Compton Scattering, and the Spectrum of Electromagnetic Cascades
Very high-energy gamma rays can scatter with radiation fields to produce electron-positron pairs. These charged leptons then undergo inverse Compton scattering (ICS) with low-energy photons, generating gamma rays. Meanwhile, magnetic fields also deflect the charged leptons and induce energy losses through the production of synchrotron emission. The optical depth for pair-production in an isotropic radiation field is given by:
where E γ is the energy of the incoming gamma ray, is the energy of a target photon, σ γγ is the total cross section for pair-production, and dn( , r)/d is the differential number density of the target photons at location, r. If the radiation fields are assumed to be homogenous, we arrive at the second expression, where l is the distance traversed. The total pair-production cross section is approximated to within 3% accuracy by the following expression [75] :
where s = E γ /m 2 e and σ T is the Thompson cross section. The differential spectrum of electrons and positrons generated in these interactions is given as follows [75] :
where dN γ /dE γ is the spectrum of gamma rays injected from the source and dσ γγ /dE e is the differential cross section for pair production, given by:
These charged leptons will then go on to generate gamma rays through ICS, while at the same time experiencing synchrotron cooling. Over the course of losing an amount of energy, The fraction of electron energy losses that go into inverse Compton scattering (as opposed to synchrotron emission) for two choices of the magnetic field strength (1 µG and 10 −4 µG) assuming that ICS losses are dominated by interactions with the CMB and the cosmic infrared background [76] . At the highest energies, inverse Compton scattering is Klein-Nishina suppressed, enabling synchrotron to potentially dominate.
∆E e , an electron or positron of energy, E e , will produce the following gamma-ray spectrum:
where A is a normalization factor that is set by ∆E e = dE γ E γ dN γ /dE γ , and f ICS is the fraction of the energy losses which go into ICS (the remaining fraction, 1 − f ICS , goes into synchrotron emission). In Fig. 2 we plot this quantity for two choices of the magnetic field strength (1 µG and 10 −4 µG) assuming that ICS losses are dominated by interactions with the CMB and the cosmic infrared background [76] . Note that inverse Compton scattering is Klein-Nishina suppressed at the highest energies, enabling synchrotron to dominate. The differential cross section for ICS is given by [77] :
where β ≡ 4 E e /m 2 e and z ≡ E γ /E e . The total spectrum, dN γ /dE γ , of photons in a cascade created by an electron of energy, E e , is then calculated by taking a sum over the spectra generated as the charged lepton loses its energy through successive scatterings.
The Angular Distribution of Gamma-Rays in Electromagnetic Cascades
In traveling a distance, l, through a uniform magnetic field, an electron is deflected by the following angle [78] [79] [80] :
where r L is the Larmor radius of the particle. If Θ > ∼ 1, the direction of the ICS photon emission is essentially isotropic with respect to the original gamma ray. The spatial distribution of pair production events is described as follows:
is the mean free path and r is the distance from the source. Once an electron-positron pair is produced, these particles rapidly lose their energy via ICS and synchrotron processes, during which they traverse a negligible distance. The gamma-ray flux (per area, time, and solid angle) observed from an angle, θ, away from the source is given by the following:
where F γ,pair is the gamma-ray spectrum per pair production event originating from a photon of energy, E γ , R is the distance to the source, and the integral is carried out over the lineof-sight.
A fraction of the gamma-rays produced in these electromagnetic cascades will go on to undergo further pair production events. To account for this, the above expression is implemented iteratively, until λ becomes much larger than the other distance scales in the problem.
Gamma-Rays From Dwarf Galaxies
Due to their low astrophysical backgrounds and relative proximity, dwarf spheroidal galaxies represent a very attractive target for indirect dark matter searches, including those carried out by Fermi [1] [2] [3] , HESS [81, 82] , VERITAS [83] and MAGIC [84, 85] . The HAWC Collaboration has recently presented the results of their search for dark matter annihilation or decay products from 15 of the Milky Way's dwarf galaxies, yielding the strongest current constraint on the annihilation cross section of dark matter particles heavier than approximately ∼10 TeV [4] . These systems are located at distances between ∼23 kpc (Segue I) and ∼250 kpc (Leo I) from the Solar System. For sources in this range of distances, gamma-rays with energies above ∼100 TeV can undergo pair production after scattering with the cosmic microwave background (CMB), attenuating the spectrum and leading to the formation of gamma-ray halos around each dwarf, several degrees in extent.
Here, we focus on the example of the dwarf galaxy Draco, which is located 80 ± 7 kpc from the Solar System and is located within HAWC's field-of-view (δ ≈ 58 • ). The total flux of gamma-rays from this source (prior to any attenuation or electromagnetic cascades) is given by the following:
where σv ann is the annihilation cross section, m χ is the mass of the dark matter particle, and dN γ /dE γ is the spectrum of gamma-rays produced per annihilation, which we calculate using PYTHIA [86] . The integrals are performed over the solid angle observed and over the line-of-sight (los). The dark matter density profile for a given dwarf galaxy is constrained by the stellar kinematics of the system. For the case of Draco, the authors of Ref. [87] determine a value of log 10 (J tot /GeV 2 cm −5 ) = 18.8 ± 0.16 (see also Refs. [88] [89] [90] ), although this may underestimate the impact of some systematic uncertainties [91] [92] [93] .
The flux of gamma rays from decaying dark matter in a dwarf galaxy such as Draco can be similarly calculated as follows:
where τ χ is the lifetime of the dark matter particle. Although we will present our results in terms of dark matter annihilation, they can easily be translated into the case of dark matter decay.
In Fig. 3 , we plot the gamma-ray spectrum from Draco for the case of dark matter with a mass of 1, 10 or 100 PeV, annihilating to bb with a cross section of σv = 10 −23 cm 3 /s. In each frame, the black dot-dashed curve denotes the injected spectrum, without taking into account any attenuation or cascades, while the blue dotted line represents the spectrum after attenuation. The red curve is the total spectrum, including both the unattenuated gamma-rays and those generated in the subsequent cascade.
In calculating the formation and development of these cascades, we adopt a radiation field consisting only of the CMB and neglect energy losses from synchrotron. At energies above a couple hundred TeV, pair production with the CMB strongly attenuates the spectrum, transferring this portion of the injected energy into much lower energy cascade photons. For a 1 PeV dark matter particle, the cascade emission dominates the total spectrum at energies below several tens of GeV, whereas the cascade dominate at all energies for m χ > ∼ 10 PeV.
The angular distribution of the unattenuated gamma rays is determined by the square of the dark matter density profile (see Eqn. 4.1), corresponding to an angular extent in the case of Draco that is comparable to the angular resolution of HAWC. In contrast, the cascade emission is further broadened by the deflection of cascade electrons in the Galactic magnetic field. Recall from Sec. 3.2 that for B > ∼ 3 × 10 −3 µG (E e /PeV) 2 , the ICS emission is emitted approximately isotropically; a condition that is easily satisfied in the case of Draco.
In Fig. 4 , we plot the gamma-ray spectrum from Draco, as found within a cone of radius 1 • , 5 • , 30 • , or 90 • . Comparing this to the results shown in Fig. 3 , we see that much of the cascade emission from this source is distributed in a region of the sky several degrees in radius. Figure 3 . The gamma-ray spectrum from the Draco dwarf galaxy for the case of a dark matter particle with a mass of 1, 10 or 100 PeV, annihilating to bb with a cross section of σv = 10 −23 cm 3 /s. In each frame, the black dot-dashed curve denotes the injected spectrum, without taking into account any attenuation or cascades, while the blue dotted line represents the spectrum after attenuation. The red curve is the total spectrum, including those generated in the cascades. 
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-18 Figure 4 . The gamma-ray spectrum from the Draco dwarf galaxy for the case of a dark matter particle with a mass of 1, 10 or 100 PeV, annihilating to bb with a cross section of σv = 10 −23 cm 3 /s. In each frame, we plot the spectrum integrated within a cone of radius 1
• , 5
• , 30
• , or 90
• around Draco. Comparing this to the results shown in Fig. 3 , we see that much of the cascade emission from this source is distributed in a region of the sky several degrees in radius. Figure 5 . A comparison of the degree of attenuation predicted for a gamma ray traveling from the Draco dwarf galaxy (red solid) to that predicted to take place within the innermost 500 kpc of the Virgo Cluster (blue dotted) and along the trajectory from this source (black dot-dashed).
The calculation of the gamma-ray signal from a galaxy cluster differs from that of dwarf galaxies in three important ways. First, nearby galaxy clusters are themselves extended by several degrees, and cannot be treated as approximately point-like. Second, a non-negligible degree of gamma-ray attenuation is expected to take place within the cluster itself. And third, the much greater distance to the Virgo Cluster (d ≈ 16.8 Mpc) leads to much greater attenuation, especially at energies in the range of E γ ∼ 20 − 200 TeV. In Fig. 5 , we compare the degree of attenuation predicted along the trajectory from the Draco dwarf galaxy to that predicted within the innermost 500 kpc of the Virgo Cluster and along the trajectory from this source.
For Virgo's dark matter density profile, we adopt a standard NFW distribution [97] :
where r is the distance to the halo's center, and we adopt ρ 0 = 7.4 × 10 5 M kpc −3 and r s = 465 kpc. For these parameters, the total mass of Virgo within its virial radius (r v = 1825 kpc) is 7.5 × 10 14 M [98] .
To account for the non-negligible extent of the Virgo Cluster, we follow the same approach as described in the previous section, but further convolve the angular distribution of the gamma rays by the direction-dependent J-factor, J (Ω) ≡ los dl ρ 2 (r).
Unlike in the case of Draco, we need to consider gamma-ray attenuation that takes place within the volume of the Virgo Cluster itself. We do this using the equations given in Sec. 3.1 and following the procedure described in Ref. [69] . Pair production within Virgo is again dominated by scattering with the CMB (the energy densities in the infrared, optical, and ultraviolet radiation fields within Virgo are approximately two orders of magnitude lower than that of the CMB [99] ). Adopting an average magnetic field strength of 1 µG within the innermost 500 kpc of Virgo, we find that 92% of the total energy in E e 1 PeV electrons Figure 6 . The gamma-ray spectrum from the Virgo Cluster for a dark matter particle with mass of 0.1, 1, 10 or 100 PeV, annihilating to bb with a cross section of σv = 10 −23 cm 3 /s. In each frame, the black dot-dashed curve denotes the injected spectrum, without taking into account any attenuation or cascades, while the dashed orange line represents the spectrum which escapes from the Virgo Cluster itself, including those generated in the cascades. The blue dotted (red solid) line is the spectrum that reaches the Solar System without (with) the contribution from cascades.
goes into the production of lower energy gamma-rays via ICS. At higher energies, ICS is Klein-Nishina suppressed, and energy losses are instead dominated by synchrotron emission.
After escaping from the Virgo cluster, gamma rays are further attenuated by the CMB, as well as by the cosmic infrared background (for which we adopt the model of Ref. [76] ). Synchrotron losses are negligible in this regime. In Fig. 6 , we plot the gamma-ray spectrum from Virgo for a dark matter particle with mass of 0.1, 1, 10 or 100 PeV, annihilating to bb with a cross section of σv = 10 −23 cm 3 /s. In each frame, the black dot-dashed curve denotes the injected spectrum, without taking into account any attenuation or cascades, while the dashed orange line represents the spectrum which escapes from the Virgo Cluster itself, including both the unattenuated gamma-rays and those generated in the subsequent cascade. The blue dotted (red solid) line is the spectrum that reaches the Solar System without (with) the contribution from cascades. Note that in the m χ = 100 TeV case, the dashed orange curve (leaving Virgo) falls directly underneath the black dot-dashed curve (injected).
Within Virgo itself, the CMB strongly attenuates the gamma-ray spectrum above a few hundred TeV. Much of this energy is lost to synchrotron emission. After escaping Virgo, the CMB and cosmic infrared background further attenuate the gamma-ray spectrum over the course of its considerable 16.8 Mpc baseline.
In Fig. 7 , we plot the gamma-ray spectrum from Virgo, as integrated within a cone of radius 1 • , 5 • , 30 • , or 90 • . Here, we have adopted an extragalactic magnetic field of B ∼ 10 −10 G, which is sufficient to isotropize the ICS emission from electrons E e < ∼ 200 TeV. Again, we Figure 7 . The gamma-ray spectrum from the Virgo Cluster for the case of a dark matter particle with a mass of 0.1, 1, 10 or 100 PeV, annihilating to bb with a cross section of σv = 10 −23 cm 3 /s. In each frame, we plot the spectrum integrated within a cone of radius 1
• around Virgo. Comparing this to the results shown in Fig. 6 , we see that much of the cascade emission from this source is distributed in a region of the sky several degrees in radius.
find that much of the cascade emission from this source is expected to be distributed across a region of the sky several degrees in radius. Note that if we had assumed a lower value for the average extragalactic magnetic field, the cascade would be less extended on the sky, especially at high energies.
Summary and Conclusions
The universe is approximately transparent to gamma rays with energies up to ∼100 GeV over cosmological distances, and up to ∼100 TeV over Galactic distance scales. For this reason, most gamma-ray searches for dark matter in dwarf galaxies, the Galactic Center, and nearby galaxy clusters can safely neglect the impact of any interactions experienced during propagation. If the dark matter is approximately ∼100 TeV or heavier, however, the very high-energy annihilation or decay products can be significantly attenuated through the process of pair production with the cosmic microwave and infrared backgrounds. These electron-positron pairs will then be deflected by magnetic fields as they transfer their energy through inverse Compton scattering, resulting in the formation and evolution of electromagnetic cascades. This alters not only the spectral shape of the gamma-ray signal, but also the angular profile of this emission. More specifically, we calculate that the annihilations or decays of a typical PeV-scale dark matter candidate will produce extended halos of gamma ray emission from dwarf galaxies and nearby galaxy clusters, several degrees in extent. The new ground-based gamma-ray observatory HAWC is well suited to search for and potentially detect these novel signatures of very massive dark matter particles. We note that the effects of attenuation and cascades described in this study are not limited to the case of very heavy dark matter particles, but instead represent universal signatures of distant PeV-scale gamma-ray sources.
